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The  objective  of  this  study  is  to  investigate  mechanisms 
of  flame  straightening  with  emphasis  on  its  effectiveness  on 
high-strength- steel  structures.  The  study  was  conducted  at 
the  Department  of  Naval  Architecture  and  Marine  Engineering 
of  the  Massachusetts  Institute  of  Technology  to  fulfill  thesis 
requirements  for  two  officers  of  the  U.  S.  Coast  Guard, 

Lt.  R.  A.  Walsh  and  Lt.  D.  K.  Duffy. 

In  the  Phase  1  study  an  investigation  was  made  of 
mechanisms  of  flame  straightening  on  simple  weldments  in  low- 
carbon  steel  and  HY-80  steel  {quenched  and  tempered  steel 
with  specified  minimum  yield  strength  of  80,000  psi) .  Flame 
straightening  was  two  to  three  times  more  effective  on  low- 
carbon  steel  specimens  than  on  HY-80  steel  specimens. 

In  the  Phase  2  study  an  investigation  was  made  of 
mechanisms  of  flame  straightening  on  framed  panel  structures. 
The  specimens  were  made  in  low-carbon  steel  (AISI  1020)  ,  low- 
alloy  high-strength  steel  (U.  S.  Steel  CORTEN) ,  and  quenched 
and  tempered  steel  (U.  S.  Steel  T-l) .  It  was  also  found  that 
flame  straightening  techniques  were  more  effective  on  low- 
carbon  steel  specimens  than  on  high-strength  steel  specimens. 


Introduction  and  Background 


Welding  is  used  extensively  in  ship  fabrication  because 
of  its  advantages  over  other  assembly  methods.  However,  con¬ 
trol  of  residual  stresses  and  distortion  is  a  problem  in  the 
fabrication  of  welded  structures.  A  recent  Welding  Research 
Council  Bulletin  prepared  by  Masubuchi ^  presents  a  review 
of  the  state-of-the-art  of  the  analysis  and  control  of  weld 
distortion. 

The  recognized  first  step  to  the  control  distortion  is 
to  minimize  distortion  by  proper  design  and  careful  selection 
of  welding  procedures.  However,  sometimes  distortion  exceeds 
acceptable  limits;  then  it  must  be  removed. 

Flame  straightening  techniques,  which  involve  spot  or 
line  heating  by  an  oxyacetylene  torch  followed  by  water 
spraying,  have  been  used  widely  for  removing  distortion. 
However,  present  practices  in  shipyards  are  based  on  experi¬ 
ence  and  very  few  studies  have  been  made  of  mechanisms  of 
removing  distortion.  There  is  a  strong  need  for  establish¬ 
ing  a  scientific  basis  for  the  flame  straightening  technique. 
The  need  is  especially  keen  on  structures  made  in  quenched 
and  tempered  high-strength  steels  because: 

(1)  Flame  straightening  may  cause  material  degradation 

(2)  Flame  straightening  may  or  may  not  be  effective  in 
reducing  distortion  on  these  steels  as  it  is  on  low 
carbon-steel  structures. 
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The  objective  of  the  M.I.T.  study  conducted  under 

Purchase  Order  No.  CG-92,  784-B  is  to  investigate  mechanisms 

of  flame  straightening  with  emphasis  on  its  effectiveness  on 

* 

high-strength-steel  structures. 

The  study,  which  was  initiated  in  January,  1969  and 
completed  in  June,  1970,  was  conducted  tc  fulfill  thesis  re¬ 
quirements  in  Naval  Architecture  and  Marine  Engineering  at 
M.I.T.  The  Phase  1  study  on  simple  weldments  was  conducted 
by  Lt.  Richard  A.  Walsh  who  graduated  in  June,  1969.  The 
Phase  2  study  on  complex  weldments  was  conducted  by 

Lt.  David  K.  Duffy,  who  graduated  in  June,  1970.  Theses 

(2)  (3) 

written  by  Walsh  and  Duffy  descrioe  details  of  the 
M.I.T.  study.  This  report  summarizes  important  findings 
obtained  in  this  study. 

** 

Phase  1:  Study  on  Simple  Weldments 

Objective  and  Procedures 

The  objective  of  the  Phase  1  study  was  to  investigate 
mechanisms  of  flame  straightening  on  simple  weldments. 

* 

The  M.I.T.  study  does  not  cover  material  degradation 
during  flame  heating,  because  this  problem  is  being  studied 
at  Battelle  Memorial  Institute  for  Ship  Structures  Committee 
under  Project  SR-185. 

Details  of  the  Phase  1  study  are  given  in  the  thesis  by 
R.  A.  Walsh. 
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Geometric  configurations  of  the  specimens  are  illustrated  in 
Figures  1  and  2.  Specimens  were  made  in  low-carbon  steel  and 
HY-80  steel  plates  1/2  inch  thick. 

Specimens  in  Figure  1  represent  simple  fillet  welds. 
Specimens  in  Figure  2  represent  models  of  structural  compo¬ 
nents.  In  rigid-end  specimens  (Figure  2b) ,  ends  of  the 
vertical  plates  were  welded  to  an  H-beam.  Table  1  presents 
the  welding  characteristics  used  in  the  preparation  of  speci¬ 
mens.  Specimen  designations  used  in  the  accompanying  figures 
and  tables  are: 


PP 

SF 

SR 

MS 

80 

1,  2,  etc. 


perpendicular  plate 
structure ,  free  end 
structure,  rigid  end 
mild  steel 
HY-80  steel 
specimen  number 


A  total  of  14  specimens  were  prepared:  8  specimens  in 


low-carbon  steel  and  6  specimens  in  HY-80  steel. 

After  specimens  had  been  welded,  they  were  subjected  to 
flame  straightening  treatments  under  various  conditions. 
Table  2  lists  heating  position,  maximum  heating  temperature, 
heating  station,  and  fillet  weld  station  (the  distance  in 
inches  from  one  end  of  a  specimen)  for  each  specimen. 


HY-80  steel  is  a  quenched  and  tempered  steel  with  the 
minimum  specified  yield  strength  of  80,000  psi  (MIL-S-16216) . 
The  steel  has  been  used  extensively  for  submarine  conslruction. 
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a.  SPECIMENS  N  0.  PP  -MS  -  1 ,2  ;  PP-80-1,2 


b.  SPECIMENS  NO.  PP-MS-3,4;  PP-80-3,4 
FIGURE  I  PERPENDICULAR  PLATES 


o.  FREE  END  SPECIMENS  (NO.  SF-MS-1,2) 


h  RIGID  END  SPECIMENS  (NO.  SR-MS  -1,2 ;  SR-80-1,2) 
FIGURE  2  STRUCTURAL  SPECIMENS 


6 


Characteristic 


SR-ris 


PP-80 
SR- 80 


1.  Electrode  Type 
diameter 

tensile  strength 

yield  point 

current  range 
(for  designated 
diameter) 
polarity 
type  current 


E  7014 
3/i6" 

72,000- 
82,000  psi 
62,000- 
72,000  psi 
180-280  amps 


straight 
D.C . 


E  7018 
1/8" 

78,000  psi 


reverse 

D.C. 


E  9018 
1/8" 

94,400  psi 


69,000  psi  84,600  psi 

90-150  amps  90-150  amps 


reverse 

D.C. 


2.  I 


190  amps 


150  amps 


150  amps 


3.  V 


20  volts 


20  volts 


20  volts 


4.  Welding  Position  horizontal 


horizontal  horizontal 


5.  Number  of  passes 

2  PP-MS-1 ,2,4, 

3  PP-MS-3 


SR-MS-l 
SF-.MS-]  ,2 
SR-MS-2 


PP-80-1 ,2,3,4 
SR-80-1 , 2 
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TABLE  2 

FLAME  STRAIGHTEN  I'"  3  PROCEDURES 
USED  IN  PHASE  I  STUDY 


Specimen 

Fillet  Weld 

Heating 

Heating 

Maximum 

Station  (S) 

Station  (S) 

Position 

Temperature  (T^) 

6 

6 

bottom 

1250  F. 

PP-MS-2 

6 

1,11 

bottom 

1250  F. 

PP-80-.1. 

PP-MS-3 

3,15 

9 

top 

1250  F. 

PP-80-4 

PP-MS-4 

3,15 

3,15 

bottom 

1250  F. 

9P-80-3 

8,20,32,44,56 

14 

top 

1200  F. 

26 

bottom 

1200  F. 

1 

38 

top 

1480  F. 

50 

bottom 

1480  F. 

SR-MS-2 

6,18,30,42,54 

6 

bottom 

1200  F. 

SR-80-2 

18 

bottom 

1250  F. 

30 

bottom 

1480  F. 

42 

bottom 

1500  F. 

SF-MS-1 

8,20,32,44,56 

14 

top 

1200  F. 

26 

bottom 

1200  F. 

38 

top 

1480  F. 

50 

bottom 

1480  F. 

SF-MS-2 

8,20,32,44,56 

8 

bottom 

1200  F. 

20 

bottom 

1250  F. 

32 

bottom 

1480  F. 

44 

bottom 

1500  F. 

8 


Flame  heating  was  performed  with  an  oxyacetylene  torch 
using  a  number  30  size  tip.  Water  quench  rate  was  held  con¬ 
stant  as  was  water  quench  temperature  for  all  flame  straight¬ 
ening  procedures.  For  heating  position,  top  refers  to  the 
side  of  the  horizontal  plate  with  the  fillet  joint,  and 
bottom  refers  to  the  side  without  the  fillet  joint. 

Horizontal  plate  deformation  measurements  were  taken 
after  welding  and  completion  of  flame  straightening  procedures. 
Graphical  plots  and  tables  were  made  for  the  individual 
specimens . 

Results 


Details  of  results  obtained  in  the  Phase  1  study  are 

(2) 

described  in  the  thesis  by  Walsh.  The  following  summarizes 

important  findings  obtained  in  the  Phase  1  study: 

1.  Flame  straightening  was  two  to  three  times  more 
effective  on  mild  steel  specimens  than  HY-80  steel 
specimens,  as  shown  in  Figures  3  and  4. 

2.  Varying  the  position  of  flame  straightening  tech¬ 
niques  from  plate  midspan  to  fillet  weld  area  pro¬ 
duced  no  significant  differences  in  reducing 
distortion. 

3.  There  was  no  significant  change  in  angular  distor¬ 
tion  at  the  fillet  welds  in  rigid-end  strucutres 
as  a  result  of  flame  straightening. 


AS  WELDED 


10 


FIGURE  4  DISTORTION  OF  SPECIMEN  NO.  PP-80 
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Phase  2:  Study  on  Complex  Weldments 
Background  and  Objective 

Results  of  the  Phase  3  study  showed  that  flame  straight¬ 
ening  was  not  very  effective  on  HY-80  steel  weldments.  How¬ 
ever,  a  recent  investigation  conducted  at  Bat telle  Memorial 
Institute  showed  conflicting  results. 

The  Battelle  Study.  The  purpose  of  the  Battelle  study 
(SR-185  for  the  Ship  Structure  Committee)  was  to  study  the 
effect  of  flame  straightening  and  mechanical  straightening 
on  the  properties  of  steels  used  in  shipbuilding.  The  four 
types  of  steels  used  were:  ASTM  A-517  Grade  A,  ASTM  A-537, 
ASTM  A- 4 4 1 ,  and  ABS-B  having  yield  strengths  of  110,000, 
52,000,  57,000,  and  40,000  psi,  respectively.  Plate  thick¬ 
ness  was  varied  from  3/8  inch  to  3/4  inch. 

In  the  Battelle  study,  distortion  was  produced  in  flat 
plates  with  no  edge  supports  either  by  mechanical  pressing 
or  by  a  single  butt  weld.  To  straighten  the  plates,  they 
were  fastened  with  one  edge  clamped  on  a  back-up  plate,  the 
other  edge  being  free  to  move.  Results  of  the  Battelle 
investigation  are  as  follows : 

1.  Spot  heating  and  quenching  was  unsatisfactory 
because  the  plates  buckled  as  soon  as  they  were 
quenched. 
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2.  Linear  heating  was  more  effective  although  much  of 
the  straightening  effect  was  lost  when  the  plates 
were  quenched. 

3.  Distortion  in  welded  and  unwelded  plates  was 
generally  removed  with  equal  facility. 

4.  In  general,  the  A-517  Grade  A  plate  was  the  easiest 
to  straighten  and  the  ABS-B  was  the  most  difficult. 

5.  The  notch  toughness  behavior  of  ship  steels  is 
adversely  affected  by  the  heat  of  flame  straightening. 

Objective  of  Phase  2  Study.  Because  of  recommendations  for 
further  study  contained  in  the  Phase  1  study,  it  was  decided 
to  make  an  attempt  to  determine  if,  in  fact,  there  was  a 
corridor  of  yield  strengths  for  which  the  flame  straightening 
was  effective.  One  disconcerting  fact,  however,  was  the 
observations  obtained  at  Battel le  that  the  higher  strength 
steels  were  easier  to  straighten. 

Considering  these  conflicting  results,  it  was  decided 
that  experiments  be  made  on  models  which  simulate  an  actual 
ship  structure.  Since  most  of  the  problems  in  shipyards 
occur  on  bulkheads  and  on  hull  plating,  it  was  felt  that  a 
panel  type  model  with  stiffeners  around  the  panel  edges 
would  be  the  best  answer. 

Experimental  Procedure  and  Results 

Test  Models.  Figure  5  shows  the  panel  type  model  used  in 
the  Phase  2  study.  Longitudinal  and  transverse  frames, 
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6  inches  high,  were  fillet  welded  to  a  flat  plate  36  by  24 
inches;  the  size  of  the  panel  was  32  by  20  inches.  Panels 
were  prepared  in  3/8-inch  thick  plates  in  three  types  of 
steel : 

(1)  Low-carbon  steel,  AISI  1020 

(2)  Low-alloy,  high-strength  steel,  U.  S.  Steel  CORTEN 

(3)  Hign- strength,  quenched  and  tempered  steel, 

U.  S.  Steel  T-l  (which  is  specified  as  ASTM  A-517) . 

Table  3  shows  chemical  compositions  and  mechanical 
properties  of  these  steels. 

Welding.  Table  4  shows  electrode  types  and  welding  conditions 
used  to  fabricate  the  test  panels.  E7024  electrodes  were  used 
for  the  low-carbon  steel  panel,  while  E10018  electrodes  were 
used  for  the  high-strength  steel  panels.  Double  fillet  welds 
were  used  to  join  stiffeners  to  the  panel  and  to  each  other. 
All  three  models  were  maintained  in  a  position  such  that 
welds  were  made  in  the  downhand  position.  Welds  were  made  in 
two  passes. 

Distortion  After  Welding.  After  each  weld  pass,  the  weldment 
panels  were  placed  on  a  surface  plate  with  the  stiffeners  of 
the  model  down  against  the  surface  plate.  The  out-of-plane 
deflection  of  the  test  panel  was  measured  by  a  dial  indicator. 
The  deflection  of  the  entire  panel  (36  by  24  inches)  was 
determined  by  measuring  deflections  along  a  grid  system. 
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TABLE  4 

Electrodes  and  Welding  Characteristics  for  Panel  Type  Models 


Base  Plate  Material 

1020 

CORTEM 

T-l 

Electrodes  used 

E7024 

DlOOlft 

i 

E1C018 

Electrode  diameter, 
inch 

5/32-3/16  (1) 

|  1 

5/32 

5/32 

I 

Current  type 

1 

DC  reverse 

DC  reverse 

DC  reverse 

Welding  current, 
a-peres 

140-160 

140 

140 

Arc  voltage,  volts 

f  20 

20 

20 

Weight  of  electrodes 

,  „(2> 
consumed,  W 

After  #1  Pa'-r. 

0.26ft  on/in 

0.220  oz/in 

0.294  oz/in 

(2.00  g-/cn) 

(2. 5 7  gr/cn) 

(3.28  gr/cm) 

After  #2  Pass 

0.464  o^. /in 

0.64  0  o7./in 

0.614 

(5.10  gr/ cm) 

( 7 . 3  4  gr/cm 3 

(6.86  gr/cm) 

^ Electrodes  5/3?."  in  diameter  wore,  used  on  fl  Pass  end  electrodes 
in  3/16"  in  diameter  vore  used  on  #2  Pass  on  the  3020  model. 

(2) 

Weight  of  electrode  consumed,  W,  includes  metals  m  both  sides  of 
the  fillet  3oint. 


1  oz/in  =  11.16  gr/cm 
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Figures  6,  7,  and  8  show  distributions  along  the  longitu¬ 
dinal  centerline  of  panels  in  1020,  CORTEN,  and  T-l  steel, 
respectively.  Figure  9  shows  relationships  between  the  maxi¬ 
mum  deflection  at  the  panel  center  and  the  amount  of  elec¬ 
trode  consumed  for  these  three  specimens.  Less  distortion  was 
produced  with  a  specimen  made  in  higher  yield  strength.  This 
phenomenon  is  shown  in  Figure  10  which  presents  relationships 
between  the  yield  strength  of  the  base  plate  and  the  maximum 
deflv  _ion  at  the  panel  center  after  welding  the  first  pass 
and  the  second  pass.  Here  results  are  normalized  to  give 
deflection  at  an  equal  amount  of  electrode  consumed;  0.28 
ounces/inch  for  the  first  pass  and  0.56  ounces/inch  for  the 
second  pass.  As  shown  in  Figure  10,  weld  deflection  decreases 
as  the  yield  strength  of  the  base  metal  increases. 

The  Appendix  of  this  report  summarizes  further  attempts 
for  analyzing  distortion  of  a  welded  panel.  A  study  was  made 
.by  R.  C.  Gularte,  a  graduate  student  at  M.I.T.  to  analyze  the 
exact  shape  of  out-of-plane  distortion  of  a  stiffened  panel, 
as  shown  in  Figure  6.  He  used  the  "STRUDL "  Finite  Element 
Computer  Program  for  the  analysis.  He  also  compared  distor¬ 
tion  measurements  obtained  at  M.I.T.  with  those  obtained  in 
Japan  by  Hirai  and  Nakamura.  It  was  found  that: 

(1)  The  shape  of  out-of-plane  distortion  of  a  stiffened 
panel  can  be  calculated  very  accurately  using  the 
finite-element  computer  program 
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FIGURE  9  RELATIONSHIP?  BETWEEN  MAXIMUM 
DEFLECTION  AT  THE  PANEL  CENTER 

AND  THE  AMOUNT  OF  ELECTRODES 
CONSUMED,  W  (oz/in) 


MAXIMUM  DEFLECTION  AT  PANEL  CENTER,  in. 


YIELD  STRENGTH  OP  BASE  PLATE,  k$i 


FIGURE  10  RELATIONSHIP  BETWEEN  THE  YIELD 

STRENGTH  OF  BASE  METAL  AND  MAXIMUM 
DEFLEXION  AT  THE  PANEL  CENTER 
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(2)  Calculated  distortions  based  upon  experimental 

results  obtained  by  Hirai  and  Nakamura  agree  well 
with  results  obtained  at  M.I.T. 

The  study  by  Gularte  shows  that  the  present  state-of- 
the-art  for  predicting  and  analyzing  distortion  due  to 
welding  is  fairly  accurate. 

Flame  Straightening.  After  the  panels  had  been  welded,  they 
were  subjected  to  flame  heating.  Due  to  indications  from  the 
Battelle  investigation  that  quenching  was  not  effective  in 
flame  straightening  and  also  because  of  a  desire  to  eliminate 
as  many  variables  as  possible,  it  v/as  decided  to  first  attempt 
tne  procedure  without  a  water  quench.  Linear  heating  was 
used  in  the  following  manner. 

The  first  straightening  attempt  was  made  by  heating  the 
panel  from  the  convex  side  along  the  mid-span  of  the  long 
side.  The  torch  was  slowly  moved  along  the  heating  line  for 
about  10  minutes  until  the  line  was  heated  uniformly  to 
1,200°  F.  The  panels  were  then  allowed  to  air  cool. 

The  second  straightening  attempt  was  to  heat  the  panel 
surface  along  the  back  of  the  fillet  welds.  Due  to  lack  of 
success  with  this  technique  on  1020  and  CORTEN,  it  was  not 
attempted  on  the  T-l  panel. 

The  third  straightening  procedure  tried  was  the  use  of 


a  water  quench  technique.  The  panels  were  again  heated  in 
a  linear  manner  from  the  concave  side,  a  total  of  three  heats 
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(along  three  different  locations)  being  made  on  each  panel. 

The  torch  was  moved  slowly  along  the  lines  until  the  required 
1,200°  F  was  reached  throughout.  After  each  heat,  a  water 
quench  was  applied  with  the  use  of  a  water  soaked  cloth. 

After  each  flame  heating  treatment,  distortion  measure¬ 
ment  was  conducted.  Figures  11,  12,  and  13  show  deflections 
along  the  longitudinal  center  line  of  the  three  panels  after 
heat  passes  done  in  the  following  ways: 

1020  and  CORTEN  panels: 

First  heat  pass--heating  along  the  mid-span 

Second  heat  pass--heating  along  the  back  of 

fillet  weld 

Third  heat  pass — linear  heating  and  water  quenching 

T-l  panel: 

First  heat  pass — heating  along  the  mid-span 

Second  heat  pass — linear  heating  and  water  quenching 

The  first  heating  attempt  by  heating  the  panel  from  the 
convex  side  along  the  mid-span  of  the  long  side  only  caused 
an  increase  in  deflection  rather  than  straightening.  For 
example,  the  maximum  deflection  at  the  panel  center  of  the 
1020  model  after  welding  was  0.29  inch.  However,  the  deflec¬ 
tion  increased  to  0.60  inch  after  the  first  heating. 

The  second  attempt  by  heating  along  the  back  of  the 
fillet  welds  also  caused  an  increase  of  deflection. 

The  only  method  which  produced  favorable  results  was 
heating  and  quenching  (the  third  heat  pass  on  1020  and  CORTEN 
models  and  the  second  heat  pass  on  the  T-l  model).  Table  5 
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DEFLECTIONS  ALONG  THE  CENTER  LINE  OF  THE 
1020  PANEL  AFTER  FLAME  HEATING  TREATMENTS 
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FIGURE  13  DEFLECTIONS  ALONG  THE  CENTER  LINE  OF 

THE  QUENCHED  AND  TEMPERED  STEEL  PANEL 
AFTER  FLAME  HEATING  TREATMENTS 
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shows  reduction  in  deflection  due  to  flame  heating  followed 
by  water  quenching.  The  flame  straightening  techniques 
were  more  effective  on  low-carbon  steel  than  on  high-strength 
steels . 
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Summary  of  Experimental  Results  and  Conclusions 

Experimental  conditions  and  important  results  obtained 
in  Phases  1  and  2  of  the  M.I.T.  study  and  the  Battelle  study 
are  summarized  as  follows: 

1.  M.I.T.  Phase  1  Study 

a.  Experimental  conditions:  Simple  fillet  welds 
(Figure  1)  ,  and  free--end  and  rigid-end  struc¬ 
tural  specimens  (Figure  2).  Heating  was 
conducted  at  various  locations  (Table  2) 

b.  Important  results:  Flame  straightening  was 
two  to  three  times  more  effective  on  mild 
steel  specimens  than  HY-80  steel  specimens. 

2.  M.I.T.  Phase  2  Study 

a.  Experimental  conditions:  Panel  type  modes 
(Figure  5)  were  used.  Three  types  of  heating 

were  applied. 

b.  Important  results:  Line  heating  followed  by 
water  quenching  produced  reduction  in  deflec¬ 
tion.  As  shown  in  Table  5,  the  flame  straight¬ 
ening  techniques  (with  water  quenching),  were 
more  effective  on  low-carbon  steels  than  on 
high-strength  steels.  However,  heating  followed 
by  air  cooling  only  caused  increase  m  dis¬ 
tortion. 

3 .  Battelle  Study  (SR-185) 

a.  Experimental  conditions:  Plate  specimens  were 
used.  One  edge  of  a  specimen  was  clamped,  but 
but  the  other  edge  was  kept  free  during  hoati  n>; 


b.  Important  results:  The  A-517  plate  was  easier 
to  straighten  than  low-carbon  steel  plate. 

Water  quenching  reduces  the  effectiveness  for 
straightening  of  line  heating. 

As  mentioned  above,  results  in  these  studies  are  some¬ 
what  conflicting.  As  far  as  the  M.I.T.  studies  are  concerned, 
flame  straightening  techniques  were  more  effective  on  low- 
carbon  steel  than  on  high-strength  steels.  However,  the 
reverse  trend  was  found  in  the  Battelle  study. 

Water  quenching  after  heating  was  found  to  be  effective 
for  straightening  in  the  M.I.T.  study  (Phase  2),  while  the 
reverse  trend  was  found  in  the  Battelle  study. 

These  conflicting  results  indicate  the  following: 

(1)  Mechanisms  of  flame  straightening  are  quite  compli¬ 
cated.  The  effectiveness  of  flame  straightening 
techniques  is  affected  by  a  number  of  parameters 
including  heating  and  cooling  conditions,  mechani¬ 
cal  properties  of  the  base  metal,  and  structural 
constraint  (how  a  panel  is  constrained  in  a  struc¬ 
ture)  ,  etc . 

(2)  Our  knowledge  on  mechanisms  of  flame  straightening 
is  very  limited.  There  is  a  strong  need  for  devel¬ 
oping  fundamental  knowledge  on  the  mechanisms  of 
flame  straightening. 

As  shown  in  the  Appendix,  the  situation  is  quite  different 
as  far  as  the  analysis  of  distortion  due  to  welding  is  con¬ 
cerned.  The  present  state-of-the-art  is  fairly  well  developed 
and  the  accuracy  of  the  present  analysis  is  very  good. 
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It  is  important  to  mention  that  the  art  of  analysis  of 
weld  distortion  has  been  developed  significantly  during  the 
last  ten  years  by  a  number  of  investigators  in  the  world. 

During  the  last  few  years  several  computer  programs  have  been 
developed  at  M.I.T.  and  elsewhere  to  calculate  thermal  stresses 
during  welding. 

On  the  basis  of  recent  developments  in  the  analysis  of 
weld  distortion,  it  should  be  possible  to  develop  better  means 
for  analyzing  basic  mechanisms  of  flame  straightening  tech¬ 
niques.  Computers  should  be  useful  for  handling  complex 
mathematical  analyses  involved.  Such  a  fundamental  study 
should  be  very  useful  in  further  developing  the  art  of  flame 
straightening . 
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APPENDIX 
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Anaiysi  3  of  Distort  ion  of  Sirnple_F renr-d  rtrncture  s 

Figure  A-l  shows  distortion  caused  by  angular  changes 
in  two  types  of  fillet  welded  structures.  If  a  fillet  joint 
is  free  from  outer  constraint,  the  joint  simply  bends  to  a 
polygonal  form  having  a  knuckle  at  the  weld,  as  shown  in 
Figure  A-la.  However,  if  the  joint  is  constrained  by  some 
means,  a  different  type  of  distortion  is  produced.  For 
example,  when  the  movement  of  stiffeners  welded  to  a  plate 
is  prevented,  wavy  distortion  of  the  plate,  as  shown  in 
Figure  A-lb,  results. 

Masubuchi  et  al  have  found  that,  the  problem  of  analyzino 
wavy  distortion  and  the  associated  stresses  can  be  handled  as 
a  problem  of  stress  in  a  rigid  frame.  In  the  simplest  case 
of  a  uniform  distortion,  the  relationship  between  angular 
change  at  the  weld,  6 ,  and  distortion,  6,  is  given  as  follows 


(see  Figure  A-?.)  : 


(1). 


The  amount  of  angular  change,  6,  in  a  restrained  struc¬ 


ture  is  smaller  than  that  in  a  free  joint,  6  .  The  amount 
of  $  also  charges  when  the  rigidity  of  the.  bottom  plate, 

Ft3 

D  =  — — ,  and  the  l^n^th  of  span,  P, ,  chan c.  The  fol- 

12 (1-v  ) 

lowing  equation  lias  boon  obtained: 

d 

A  -  - T  (2) 

1.  J.  ’  L 

",  C. 


where  C  is  a  coefficient  determined  by  welding  conditions  ana 
plate  thickness. 
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b  Constrained  Joint 


FIGURE  A-l  DISTORTION  CAUSED  BY  ANGULAR  CHANGE  IN 
TWO  TYPES  OF  FILLET  WELDED  STRUCTURES 


Hirai  and  Nakamura  conducted  an  investigation  to  deter¬ 
mine  values  of  <f>  and  C  under  various  conditions.  Fiaure  A- 2 

o 

shows  values  of  6  as  a  function  of  plate  thickness,  t  (mm), 
and  weight  of  electrode  consumed  per  wold  length,  w  (g/cm) . 

In  this  particular  experiment,  using  covered  electrodes 
0.2  inch  (5  mm)  in  diameter,  maximum  angular  changes  were  ob¬ 
tained  when  plate  thickness  was  around  0.35  inch  (9  mm) . 

When  the  plate  was  thinner  than  0.35  inch,  the  amount  of  an¬ 
gular  change  was  reduced  as  the  plate  thickness  w as  reduced. 
This  was  because  the  plate  was  heated  more-  evenly  m  the 
thickness  direction  thus  reducing  the  bending  moment.  When 
the  plate  was  thicker  than  0.35  inch,  the  amount  of  angular 
change  was  reduced  as  the  plate  thickness  increased  because 
of  the  increase  of  rigidity  of  the  plate.  The  following  for¬ 
mula  has  been  proposed  to  calculate  the  C  value: 

t4 

C  =  — ^  (3) 

1  +  - 
5 

where  t  =  plate  thickness,  mm,  and  w  =  weight  of  weld  metal 
deposited  per  unit  of  weld  length,  gram/ cm.  hv  using  equa¬ 
tions  1  ^hrough  3,  it  is  possible  to  calculate  the  distortion 
that  occurs  when  a  given  structure  is  fabricated  with  a  given 
welding  procedure. 
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Data  on  Out~o  f -Plane  n  istortion  of  Pan  cl  St  r  u ctu r  os 

Several  studies  have  been  made  of  the  out-of-plane 
■  istortion  of  welded  panel  structures. 

1 .  Fxper i m^nta l  Fata  Obtained  on  Low-carbon  Steel  Structures 

I:i  Dif  .e _ n't  "ixos  . . 

Masubuchi  et  al  conducted  an  experimental  study  on  dis¬ 
tortion  of  welded  specimens.  Longitudinal  and  transverse 
girders  ware  fillet  welded  to  the  bottom  plate  in  lov.;-carbon 
steel  in  14  mm (0.55  inch)  thick.  Results  were  reported  in: 
"Investigation  on  the  Corrugation  Failure  of  Bottom  Plating 
of  Ships,"  Peport  of  Shipbuilding  Research  Association  of 
Japan,  No.  19,  1957. 

2.  Experimental  Data  Obtained  on  Structures  in  Podium-  and 
liig  i-f trercrth  Steels 

An  investigation  was  conducted  at  the  Massachusetts 
Institute  of  Technology  1  on  distortion  of  panel  structures 
made  in  three  types  of  steel: 

(1)  Low-carbon  steel,  AISI  1021 

(2)  Low-alloy  high-strength  steel,  U.  S.  Steel  Corten 

(3)  High-strength,  quenched-and- tempered  steel, 

U.  S.  Steel  T-l. 

Figure  A-3  shows  the  specimen  geometry.  Longitudinal 
and  transverse  frames  six  inches  high  were  fillet  welded  to 
a  flat  plate  36  by  24  inches  (the  size  of  the  free  panel  was 
32  by  20  inches).  Plates  3/8  inch  thick  wen  used  because 

"'‘Duffy,  David  K.  ,  "Distortion  Removal  m  Structural 
weldments  ,  "M.S.  Thesis,  Department  of  Lain,  1  /reintect  ure  and 
Marine  Engineering,  Massachusetts  I  nsf  f  u  l  <■  of  Technology  , 
May,  1970. 


PANEL  STRUCTURE  STUDIED  AT 
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they  produce  maximum  angular  change  whan  covered  tloctrodes' 
arc  used  (see  Figure  A- 2) . 

Figure  A-4  shows  distributions  along  th  '  1  or.g  i  tudi  na  1 
centerline  of  the.  J02.0  stool  spec  men  after  welding  the  fust 
and  the  second  pass.  Less,  distortion  was  reduced  with  a 
specimen  made  in  steel  with  hich-r  yjclo  :  tmnrith . 

An  attempt  also  was  made  to  compare  i  •■suits  obtained  at 
M.I.T.  and  those  shown  in  Figure  7.-2.  Lora  *recitcJy,  a 
comparision  Wc  s  made,  between: 

(1)  Angular  change  of  the  free  edge  of  <••  panel  with 
b  =  1200  mm  and 

(2)  Angular  change  of  fillet  welds  for  14  mm  thick 
plate  given  in  Figure  A-2. 

Results  are  as  follows: 


Angular  Change 

'  in  J'adiou 

free  edge  of  a  panel 
with  b  =  120  0  mi:., 
Figure  A-4 

:  re.  fill  ct  we  las 
i.i  J  4  rir  thick, 
figure  A- 2 

Log  w  =  0.4 

0.022 

0  .  ii  17 

Log  w  =  0.6 

0.033 

0. 026 

Log  w  =  0.8 

0.044 

0 .0-13  1 

1 

Log  w  =  1.0 

0.055 

1 

0.06  4 

-  - 

_ 

.  .  ...  .  .1 

The  above  list  shows  that  values  of  angular'  changes  for 
the  two  conditions  compared  agree  reasonably  wo  LI.  This 
indicates  that  the  degree  of  constraint  of  the  f roe  edge  near 
the  center  of  the  1200  mm  (47  inches)  span  was  very  small. 
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FIGURE  A -4  DISTORTION  ALONG  THE  LONGITUDINAL.  CENTER 

LINE  OF  PANEL  IN  LOT/  -  CAR  DON  STEEL 


3 .  Detailed  Analysis  by  Computer  of  Exact  Shape  of  Pi s tortion 

A  study  was  made  by  Gularte,  a  graduate  student  at 

Massachusetts  Institute  of  Technology  to  analyze  the  exart 

shape  of  out-of-plane  distortion  of  a  stiffened  panel.  The 

analysis  was  made  of  the  low-carbon  steel  specimen  shown  in 

Figure  A-3;  experimental  results  are  shown  in  Figure  A-4. 

The  analysis  uses  the  "STPUDL"  Finite  Flement  Computer 

Program  developed  at  the  Department  of  Civil  Fngineering  of 

M.I.T.,  whose  user's  instructions  have  been  published. 

Figure  A-5  shows  comparision  of  computed  and  measured 

defelctions  after  welding  the  first  pars.  Details  of  the 

computation  are  given  in  the  following  paper: 

Gularte,  R.  C. ,  "Finite  Flement  Approach  to  Distor¬ 
tions  Caused  by  Angular  Change  in  Fillet  Welding," 
to  Professor  K.  Marubuchi  for  Subject  13.71,  Special 
Problem  in  Naval  Architecture  and  Narine.  Fngineering, 
Massachusetts  Institute  of  Technology,  May,  J  370. 

The  computations  were  made,  using  data  given  in  Figure-  A-2. 

The  maximum  distortion  at  the  center  of  the  plate  (node  54) 

was  0.215  inch.  The  actual  measured  value  was  0.201  inch  or 

within  approximately  7  percent.  ..’'lore  important  than  the 

difference  between  the  calculated  and  measured  deflection  at 

specific  points  is  the  similarity  between  the  calculated  and 

experimental  shapes  as  illustrated  in  Figure  A-5. 
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vet1  (U.  S.  Steel  T-l) .  It  was  also  found  that  flame  straightening  techniques  were 
r  *ft active  on  low-carbon  steel  specimens  than  on  high-strength  steel  specimens. 
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